e further development of land reclamation, port waterway, and wharf construction brings about proper treatments of dredger fill silt, while huge amounts of rice straw set aside in China argument rational disposal every year. erefore, rice straw is bundled up as ropes, which represent as drainage body and reinforcement, to make eco-friendly treatment for dredger fill silt. is paper investigates the mechanical properties and validity of rice straw rope as certain treating material of dredger fill silt through a series of pull-out test, mass loss test, and tension test on specimens with different water contents and dry densities. e results reveal that peak value of interfacial shear strength rises with the increase of normal stress at the same immersion time, and in particular, it rises by up to 250.0% when the normal stress is 40 kPa. e tensile force of rice straw rope increases slowly with the rise of tensile displacement, and the failure mode changes from brittle to ductile with the rise of immersion time, which witnesses first rapid back slow degradation trend. e proper interfacial shear strength, tensile force, and reasonable degradation rate of rice straw rope make it ideal in drainage and consolidation of dredger fill silt.
Introduction
e further development of land reclamation, port waterway, and wharf construction brings more than billions of cubic meters of dredger fill silt every year. e dredger fill silt has the characteristics of large void ratio, high water content, low strength, and high compressibility. e self-consolidation time of silt is long, which leads to large consolidation settlement and obvious deformation after loading [1] [2] [3] [4] . e conventional methods of soft soil treatment include displacement method, drainage method, dynamic consolidation method, or combined consolidation method [5] [6] [7] [8] [9] . Alternative methods, which depend on dry jet mixing piles or cement fly-ash gravel (CFG) piles for driveway drainage, are relatively expensive. Dynamic compaction and combined reinforcement are the most widely used large-scale soil treatment methods except for the high groundwater level in the construction site [10] [11] [12] [13] . Vacuum preloading and surcharge preloading are two common methods used to reduce the water content. Prefabricated strip and the layered horizontal plastic drainage strip were used to accelerate the consolidation of dredger fill [14, 15] . e self-weight consolidation and load consolidation of high water content dredged soil are verified by the indoor test of high water content dredged soil [16] [17] [18] . Nowadays, plastic board is generally used as vertical drainage bodies, which can not only drain water but also improve the bearing capacity of dredger fill foundation [19] [20] [21] .
With the development of agricultural science and technology in China, crop straw resources are becoming more and more excessive. It is estimated that around 700 million tons of crop straw are generated in China per year and rice straw accounts for one-third of the total. As natural fibers are extremely cheap, locally available, and ecofriendly, straw has been successfully utilized in a variety of beneficial applications over the past few decades, especially in civil engineering applications [22] [23] [24] [25] . Coir fiber, sisal fiber, jute fiber, wheat fiber, and other natural fibers are widely researched and applied [26] [27] [28] . e main role of reinforcement is to enhance the integrity of the soil and maintain a certain degree of continuity. e reinforced mechanism not only restricts the lateral displacement of soil that increases the stiffness of soil but also improves the strength and stability of reinforced soil. As an effective technology to improve soil mechanism, reinforced soil has been widely used in road engineering construction and other fields. In the analysis of soil internal stability and interface interaction, pull-out test seems to be the most widely used method due to its simplicity and usability [29] . In order to investigate the tensile strength of reinforced soil, tension tests are necessary. Rice straw is used to make simple drainage bodies in the drainage and consolidation of dredge fill silt. When rice straw is selected as vertical drainage body, the straw also acts as reinforced material.
In this study, rice straw was bound up as ropes. Mass loss test, tension test, and pull-out test were conducted to analyze the interfacial mass loss, tensile properties, and interface characteristics of rice straw rope. e objective of this paper is to study the properties and mechanics of rice straw rope through tests and provide a theoretical basis for treating dredger fill silt with rice straw rope.
Materials and Methods

Materials.
e rice straw rope for tests in this paper is obtained from Suqian, Jiangsu Province, China. ese straw ropes are 1 cm in diameter, as shown in Figure 1 . e high yield of rice in Jiangsu has brought a large amount of rice straw to be treated every year. e rational utilization of rice straw will contribute to the sustainable development of this region. In this paper, dredger fill silt with high water content was taken from the bottom of Huai River in Bengbu City, Anhui Province. e dredger fill silt is cohesive soil, with WL (liquid limit) of 53.81%, WP (plastic limit) of 27.86%, and IP (plasticity) of 25.95%.
Test Equipment.
A self-made pull-out test system was fixed to figure out the interfacial friction parameters between rice straw and silt, as shown in Figure 2 . is equipment controls the pull-out test speed and tension force by stepping motor and the whole process of the test is controlled by computer. e sample can be drawn horizontally at a constant pull-out test speed and tension force, and the parameters such as pull-out test force and displacement can be measured. e main technical indexes of this equipment are shown in Table 1 . A small-range tension test machine was also prepared to study the tensile properties of rice straw rope under different immersion time.
Methods
Pull-Out
Test. During immersion, the two ends of the samples were tightened with plastic straps to avoid loosening. A time schedule of immersion was formulated to avoid the samples not be carried out immediately. Five groups of rice straw rope were immersed, three in each group. After 5 days' immersion, the first group of samples was put out, while the second after 10 days, the third after 20 days, the fourth after 40 days, and the fifth after 60 days.
e pull-out test equipment was dripped by dry glue for reinforcement. Put the wet sample into the pull-out test box, fill the silt layer by layer into the pull-out test box, and compact properly until the upper half of the box is filled. en cover the plate and fix the normal stress-exerting device. A dial indicator was set on the cover plate to monitor the settlement of the silt surface under different normal stress. ese tests aim to evaluate the friction strength at the interface and friction ratio of dredger fill silt with the rice straw rope.
Friction strength and friction ratio are calculated according to the following formulas:
where τ P is pull-out test friction strength, F is maximum pull-out test force, L is the embedded length of the sample, and D is diameter of sample.
where f is pull-out test friction ratio, τ P is pull-out test friction strength corresponding to P, and P is normal pressure.
Mass Loss Test.
Five groups of rice straw rope were immersed, three in each group, in five white plastic containers with water. e containers were sealed with freshkeeping film to prevent water evaporation. e first group of samples was put out after 5 days' immersion and dried on 50 Celsius until constant weight, while the second after 10 days, the third after 20 days, the fourth after 40 days, and the fifth after 60 days. e oven used in this test is DHG-101-0 electrothermal constant temperature drying oven. When the sample was cooled to room temperature, the mass of the sample after drying was recorded by an electronic scale with an accuracy of 0.01 g. e purpose of this test is to study the degradation properties of rice straw rope.
Rice straw rope began to degrade after immersion in water for a certain time, and rice straw fibers were gradually decomposed. e mass of rice straw rope declined gradually. erefore, the mass of rice straw rope was taken as the control factor and the degradation degree was evaluated by mass loss rate as follows: Advances in Civil Engineering
where R is rate of mass loss, m is original mass of sample, and m 0 is sample mass after drying.
Tension Test.
Five groups of rice straw rope were immersed, three in each group, in five white plastic containers with water. e containers were sealed with freshkeeping film to prevent water evaporation. e first group of samples was put out after 5 days' immersion, while the second after 10 days, the third after 20 days, the fourth after 40 days, and the fifth after 60 days. Dry glue was dripped at clamping end to make the failure point in the middle of 100 mm during tension test. Install the testing machine and set the tension rate to 5 mm/min. Start the machine and begin the tension test. e purpose of this test is to study the tensile properties and deterioration properties of rice straw rope under different immersion time. Elongation is one of the important bases to judge whether the drainage body is qualified or not. According to the relevant provisions of JTS 206-1-2009, the elongation is calculated according to the following formula:
where ε is rate of elongation, ΔL is elongation of sample measured length at peak tensile force, and L 0 is measured length of sample.
Results and Discussions
Pull-Out Test
Results. e pull-out test results are presented in Figure 3 for samples at different immersion time of 5, 10, 20, 40, and 60 days and various vertical pressures of 20, 40, 60, and 80 kPa. It can be noted that the interfacial shear strength increases almost linearly with the rise of horizontal displacement. When reaching a certain point, it changes to a nonlinear rise and reaches the ultimate interfacial shear strength shortly afterwards. When the interfacial shear strength reaches its peak value, it will remain at the peak for a period of time and then decrease slowly. In other words, it takes some time from the peak shear strength to the failure. Interfacial shear strength is the key factor to control the toughness and mechanical properties of materials [30] [31] [32] . By comparing Figures 3(a)-(d), it is found that the interface between rice straw rope and silt needs longer time to be completely destroyed under high normal stress. After the failure of the interface, the shear strength decreases slowly and finally converges to a lower limiting value. When the normal stress is 60 kPa and 80 kPa, the shear strength decreases further with the increase of horizontal displacement and enters a state similar to creep deformation. In the pull-out test, the pull-out performance of reinforcement is affected by many factors. Lopes show that the increase of limiting stress, dry density, or displacement rate will increase the shear strength of soil [33] [34] [35] .
e peak values of interfacial shear strength between rice straw rope and dredger fill silt are shown in Table 2 . When the immersion time increased from 5 days to 60 days and under the normal stress of 20, 40, 60, and 80 kPa, the peak values of interfacial shear strength decreased by 23.2%, 34.86%, 33.37%, and 22.83%, respectively. e result indicates that the immersion time has a great influence on the shear strength of the interface between pull-out test specimens of rice straw rope and dredger fill silt. An interfacial shear strength curve under different immersion time is shown in Figure 4 , which is obtained by linear fitting of the relationship between the peak value of interfacial shear strength and normal stress. e essence of this process is actual M-C criterion, and the formula is as follows:
where τ is interface shear strength, σ is normal stress, φ is interfacial friction angle, and c is interfacial cohesion. Table 3 . ere is a certain interfacial cohesion at the interface of rice straw rope and dredger fill silt [36] [37] [38] [39] [40] . With the increase of immersion time, the interfacial cohesion decreases after 20 days' immersion and then increases, while the interfacial friction angle increases first and then decreases. is is because the degradation degree of specimens has a great influence on the peak value of interfacial shear strength when the normal stress is low and 20 days before immersion. With the increase of the normal stress, the influence decreases gradually. It results in the decrease of ultimate shear strength's difference value with the increase of immersion time under the same normal stress and different immersion time. Fiber improves the mechanical properties of soil through the interfacial friction between fiber and soil particles and the spatial confinement effect of fiber [41] [42] [43] [44] . Advances in Civil Engineering e samples are at different normal stress of 20, 40, 60, and 80 kPa and various immersion time of 5, 10, 20, 40, and 60 days, as shown in Figure 5 . It is noted that the shear strength of the interface between rice straw rope and dredger fill silt increases with the rise of horizontal displacement and decreases slowly after reaching the peak value. e peak value of interfacial shear strength increases with the rise of normal stress after the same immersion time. When the normal stress increases from 20 kPa to 80 kPa, the peak shear strength increases by 148.03%, 234.77%, 250.0%, 192.97%, and 149.24%, respectively, under five immersion times. It means that the increase of normal stress can greatly improve the shear strength of the interface between rice straw rope and silt. With the increase of normal stress, the frictional resistance between silt particles increases gradually. It limits the displacement of silt particles which embeds the silt particles in the thread of the straw rope and straw gap. As a result, it improves the "biting" effect between the straw rope and the silt and increases the shear strength of the interface [45, 46] . e interfacial friction coefficient of rice straw rope and silt under different normal stresses is shown in Table 4 . e interfacial friction coefficient decreases with the increase of normal stress at the same immersion time. Under the same normal stress, the interfacial friction coefficient decreases first and then increases with the rise of immersion time.
In the pull-out test, the surface of the sample is covered by silt when the normal stress reached 80 kPa, as shown in Figure 6 . is is because the displacement of silt particles is restrained under the action of high normal stress. Silt particles embedded gradually in the sample, forming a certain thickness of "silt skin" on the surface of the sample, which results in friction between the sample and silt.
Mass Loss Test Results.
e rate of mass loss can show the degradation of rice straw rope directly. e curve of the average mass loss rate of rice straw with immersion time is shown in Figure 7 . In this figure, the average mass loss rate of rice straw in water increases with immersion time. During the period from 0 to 20 days of immersion, the average mass loss rate increased linearly. e average mass loss increased by 44.25% in 20 days. During 20 to 40 days of immersion, the average mass loss increased by only 1.13%. During the period from 40 days to 60 days of immersion, the average mass loss increased gradually, but the increase was not as high as that in the previous 15 days. e average mass loss of rice straw increased by 9.34% in the last 20 days. e degradation of rice straw in water has gone through two stages, as shown in Figure 7 . e first stage is rapid degradation (immersion for 0 to 20 days), which accounts for 80.87% of the total. e second stage is slow degradation (immersion for 20 to 60 days). Compared with the first stage, Interfacial shear strength (kPa) 24 48 72 96 120 0
Normal stress (kPa) Advances in Civil Engineering the second stage was relatively smooth and the degradation rate was slower. It is found that the degradation of rice straw occurred mainly within 20 days. is is because the degradation of different components in rice straw varies in degrading difficulty and speed. Protein and minerals in rice straw are easy to degrade, while lignin, hemicellulose, and cellulose take a long time to degrade. e degradable elements of rice straw rope were basically degraded after 20 days' immersion, while lignin and other elements were less degraded. e mass loss of rice straw rope was less during 20 to 40 days' immersion and began to degrade gradually after 40 days' immersion. e curve of the ultimate elongation of the sample with immersion time is also in Figure 7 . It is noted that immersion time can change the ultimate elongation of the sample. With the increase of immersion time, the ultimate elongation of the sample increases first and then decreases. When immersion time is 40 days, the ultimate elongation of the sample is the highest of 11%.
Tension Test Results.
e variation of the peak value of tensile force with immersion time is shown in Figure 7 . It is noted that the peak value of tensile force decreases with immersion time. When immersion time reaches 60 days, the peak value of tensile force decreases by 53% compared with the sample soaked for 5 days. is is because the sample degraded naturally in the immersion process, resulting in a certain degree of damage to lignin and cellulose in rice straw. Cellulose is an important component of the cell wall of straw, Advances in Civil Engineering which is responsible for providing tensile strength for straw. Lignin strengthens the cell wall of straw and further improves the tensile strength [47, 48] . It should be pointed out that when immersion time is between 20 and 40 days, the mass loss rate of rice straw is only 1.13%. e peak value of tensile force decreases by 78.45 N, accounting for 34.04% of the total loss of the peak value of tensile force. It is indicated that the degradation of straw rope has not stopped during this period. e failure process of the sample is shown in Figure 8 . It is inferred that the sample begins to break from the more fragile straw fibers and then gradually break to the more tough straw fibers and finally to the remaining straw fibers. However, the residual straw fibers are generally weak in tensile properties. After the peak value appears, the sample will be completely destroyed soon. It is found that the stress of the straw rope is actually provided by two parts: main and secondary fibers. e main fiber is the main part and the secondary fiber is the auxiliary part. At the same time, the failure mode also changes the sample from brittle failure to ductile failure [49] .
Interface Characteristics.
e schematic interface between rice straw rope and dredger fill silt is shown in Figure 9 . After the degradation of rice straw rope in water, the most intuitive change is the appearance and structure of rice straw rope. After immersion for a certain period of time, the rice straw is no longer tightly wound. It is hard to see the deterioration of the structure of the sample due to the tension of water [50, 51] . e fibrosis of rice straw rope becomes obvious after immersion, while the connection between rice straw fibers and the cohesion losses gradually. e structure becomes loose, and the degree of looseness at both ends of the sample is higher than that at the middle part of the sample. When the immersion time of the sample reaches 60 days, the structure of the sample is completely lost. Complete cracking between fibers is appeared, and the appearance of the sample is no longer the straw rope. e straw of rice loses the connection and is arranged in parallel with each other.
Conclusions
Based on the results, including pull-out test of rice straw rope with dredger fill silt, mass loss test, and tensile test of rice straw rope, the following conclusions may be drawn:
(1) When immersion time increased from 5 days to 60 days, the peak shear strength of the interface between straw rope and dredger silt decreased by 23.2%, 34.9%, 33.4%, and 22.8% under normal stress of 20, 40, 60, and 80 kPa, respectively. e peak value of interfacial shear strength rises with the increase of normal stress. e increase of normal stress can significantly improve the interface shear strength of rice straw rope and silt. When the normal stress is 40 kPa, the peak shear strength increases by up to 250.0%. It is concluded that rice straw rope has reasonable interfacial shear strength for applications in treatment of dredger fill silt.
(2) e tensile force of straw rope increases slowly with the increase of tensile displacement. e failure mode of the samples after the first 20 days' immersion is brittle failure, and the failure mode changes to ductile failure after 40 days' immersion. Advances in Civil Engineering e main stress mode of rice straw rope is the joint force of secondary straw fibers. e main straw fibers are gradually transferred from the weaker secondary straw fibers to the main straw fibers after failure. It is concluded that rice straw rope possesses proper tensile strength to be the reinforcement for dredger fill silt.
(3) e degradation of the sample in water experienced two stages: rapid degradation (immersion for 0 to 20 days) and slow degradation (immersion for 20 to 60 days). After 60 days' immersion, the average mass loss rate of the specimens was 54.7%, and the degradation mainly occurred in the rapid degradation stage. e average mass loss rate was 44.3%, accounting for 80.9% of the total. It is concluded that rice straw rope is suitable as the material for drainage and consolidation of dredger fill silt.
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